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BALTA eT AL. chemicals are used as part of the embalming solution including formaldehyde, glutaraldehyde, phenol, glycerin, bronopol, ethanol and glycol. Studies have reported changes in the quality of tissue after embalming, which can be considered a disadvantage. Ideally, an embalmed cadaver should present the same features as that of an unembalmed cadaver (Balta, Cronin, et al., 2015) . However, this is not possible with most of the current chemicals being used during the embalming process. For example, cadavers embalmed using formaldehyde are inflexible and produce some features that are not representative of an unembalmed cadaver (Hubbell, Dwornik, Alway, Eliason, & Norenberg, 2002) . Nevertheless, some of these chemicals such as those used in Thiel embalming are able to improve the quality of imaging post-mortem, producing a better model to facilitate training in certain procedures such as ultrasound-guided nerve blocks (Balta, Twomey, et al., 2017; Benkhadra et al., 2009 ).
Other disadvantages include expenses involved in the embalming process and potential health risks that could be encountered when working with certain chemicals (Brenner, 2014) . Formaldehyde has been reported in several studies as a potential carcinogen, and phenol is an exposure hazard that is corrosive to the throat and stomach among other health complications (Balta, Cronin, et al., 2015; Brenner, 2014) .
Thiel embalming was introduced in 1992 by Walter Thiel, initially as a method of colour preservation (Thiel, 1992) . This technique set the basis for a new photographic atlas of practical anatomy (Thiel, 1992) . Thiel embalmed cadavers have been described as more representative of the human body compared to formalin embalmed cadavers (Balta, Lamb, & Soames, 2015; Fessel et al., 2011) . Several studies have reported the benefits of using Thiel embalmed cadavers for training in surgical and radiological procedures (Balta, Cronin, et al., 2015) .
For example, Thiel embalmed cadavers were described as an ideal tool to train on flap raising and microvascular suturing (Balta, Cronin, et al., 2015) .
Genelyn embalming solution is a commercial product that produces a stiff and more brittle cadaver compared to that of an unembalmed cadaver (Norton-old et al., 2013) . This was observed when Genelyn embalmed cadavers were used to train on three-/four-dimensional ultrasound for epidural catheter insertion (Balta, Cronin, et al., 2015) .
An understudied solution is the Imperial College London softpreservation (ICL-SP) solution (Prof. Ceri Davies-Imperial College London, personal communication) which was first described in 2009 for a cadaver-based workshop (Barton et al., 2009) . In this study, ICL-SP cadavers were dissected to improve the surgical anatomy knowledge of gynaecological oncologists' trainees (Barton et al., 2009) .
No studies have been published comparing the quality of tissue, of the same cadavers, before and after being embalmed using different techniques. A recent study compared the joint flexibility of cadavers embalmed using Thiel technique, Genelyn and Dodge solutions to that of an unembalmed cadaver (Jaung, Cook, & Blyth, 2011) . Measuring the joint flexibility provides a comprehensive idea on the effect of the embalming chemicals on the muscles, tendons and joints of embalmed cadavers. It was noted that the joints of Thiel embalmed cadavers were more flexible than that of a different unembalmed cadaver (Jaung et al., 2011) . Another study compared the range of motion of cadavers embalmed using a new saturated salt solution (SSS), to that of Thiel and formalin solutions.
This study concluded that the joints of SSS-embalmed cadavers are softer when compared to formalin embalmed cadavers, but harder than that of Thiel embalmed cadavers (Hayashi et al., 2014 (Hayashi et al., , 2016 .
Measurements of organs and tissue of human cadavers have been reported in literature (Ishida et al., 2015; Okuma et al., 2013; Takahashi et al., 2013) . Changes have been reported such as a decrease in the size of the aorta after death and bilateral adrenal glands (Ishida et al., 2015; Takahashi et al., 2013) .
The aim of this study was to develop a systematic approach to assess embalming solutions used to preserve human cadavers. This approach was used to compare the effect of Thiel, ICL soft-preservation, Genelyn and formalin-based solutions on the structure and properties of tissue in human cadavers. In this study we also aimed to assess the use of the understudied ICL soft-preservation solution for the embalming of human cadavers.
| MATERIAL S AND ME THODS
The study was carried out under the auspice of the "License to Practise Anatomy", granted by the Irish Medical Council under the Anatomy Act 1832. For the purpose of the study, eight human cadavers were embalmed using four different embalming techniques; Thiel, formalin, Genelyn and ICL-SP solution. Donors premorbidly signed written consent to use their bodies for education and research by the Department of Anatomy and Neuroscience. All cadavers were admitted into the department 24-48 hr after death and stored at −20⁰C. Cadavers were thawed for 5 days after which data was collected and followed by embalming on the same day. Cadavers treated using the same technique were embalmed at the same time, in the same department and by the same embalmer. Table 1 includes information on the eight donors used in the study.
Appendix Tables 1-3 are the chemicals used for the 
| Range of motion
The range of motion of several joints was measured before and after embalming using a standard goniometer (Baseline TM 15cm) and was carried out as previously described (Jaung et al., 2011) in collaboration with a senior physiotherapist, Ms. Orla Duggan.
Before recording any measurements, the cadaver was moved into a supine anatomical position. When recording the measurements, the joints were in zero position and the proximal joint components were stabilized. Bony landmarks were identified and palpated to accurately position the goniometer. The stationary arm of the goniometer was aligned at the proximal component of the joint, the body of the goniometer was positioned at the junction of the joint and the free arm was aligned at the distal component of the joint. The investigator passively moved the joint to end of range of available motion without exerting any overpressure. 
| Measurement of components of organs and vessels
Whole body multi-detector scanning including the brain, thorax, abdomen and pelvis was performed before and after embalming by two specialist CT radiographers using a 128-slice Discovery HD 750 (GE Healthcare GE Medical systems, Milwaukee WI, USA). Cadavers were scanned 2-6 hr before embalming, and post-embalming scans were performed 24-48 hr after the com- The long and short axis dimensions of the ascending, descending and abdominal aorta in the transverse plane were measured at the level of the tracheal bifurcation and superior mesenteric artery origin, respectively. The maximum diameter was taken as the long axis and the short axis was orthogonal to it as observed on CT scans of the ascending, descending and abdominal aorta. To evaluate the shape of the aorta, the long axis-short axis ratio was calculated using the following equation: Long axis-short axis ratio =length of long axis x 100/length of short axis.
| Statistical analysis
Statistical analysis was performed using SPSS statistical package version 22 (IBM Corp., Armonk, NY). In order to combine the data from different joints into an overall score to give a whole body indication, a ratio was determined using a denominator, which is the average range of motion provided by the American Academy of Orthopaedic Surgeons. The assumption of homogeneity of variance could not be tested due to the small sample size, and therefore ANOVA Welch's test for equality of differences was used in order to test if the change (pre-minus post-embalming) ratio was different for the four embalming methods. A post-hoc test was not used due to the small sample size. Instead the mean changes are described.
Given that different organs have different dimensions an
overall score derived by the total of the difference (before and after embalming) for each cadaver without standardizing the data would be influenced by large changes in certain organs. For this reason, the Z-scores (i.e. standardized values) were calculated TA B L E 1 Information on the eight donors used as part of this study (ICL-SP, Imperial College London soft-preservation) (see formula below) using the average and standard deviation from the sixteen measurements per structure (two pre-and postmeasurements by four embalming methods by two cadavers per method).
An ANOVA with the Welch test for equality of group means was applied to the composite score differences to test if the change (preminus post-embalming) in score was different for the four embalming methods. Fourteen out of the 19 structures were included in the statistical analysis.
| RE SULTS

| The range of motion of joints from the different embalming techniques
Both cadavers embalmed using Thiel technique had an increased range of motion after embalming, while cadavers embalmed using The ratios for all of the joints measured for each of the cadavers are represented in Table 2 . The mean changes (pre-minus post-embalming) in the ratio (angle to ROM) differed statistically between embalming methods (Welch Statistic 3,1.672 = 67.213, p = 0.026) (Table 3 ). Thiel embalmed cadavers showed an increase in range of motion while ICL-SP cadavers remained relatively the same. Genelyn and formalin embalmed cadavers registered a notable decrease in range of motion.
Supporting information Table S1 includes the raw data of all measured joints before and after embalming using the four techniques.
| The measurements of internal organs and vessels
An axial CT scan of the left heart ventricle of a Genelyn embalmed cadaver shows an increase in size post-embalming (white arrows) 
| D ISCUSS I ON
As the repertoire of embalming techniques increases, it is important to evaluate the differences between them. Here, we show the relative utility of four different embalming techniques and solutions. Many of the characteristics of Thiel embalmed cadavers have been studied (Benkhadra et al., 2009; Hayashi et al., 2014; Jaung et al., 2011) . In this study, the range of motion of joints from the first This could mean that the soft tissue within the joint, the tendon attached to the joint or the muscular tissue has been influenced by the chemicals used in the Thiel solution (Fessel et al., 2011; Liao, Kemp, Corner, Eisma, & Huang, 2015) .
ICL soft-preservation technique is a novel strategy and both cadavers that were embalmed using this technique had relatively similar preand post-embalming range of motion. The difference between pre-and post-embalming values were the closest to zero. This means that the embalming solution did not affect the joint flexibility and therefore faithfully mimics the range of motion of an unembalmed cadaver. This could be due to the alcohol present in the solution and lack of formaldehyde.
Meanwhile, cadavers embalmed by the Genelyn solution had joints with a smaller range of motion post-embalming. These findings corroborate with other studies that describe Genelyn embalmed cadavers as stiff and lack flexibility (Belavy, Ruitenberg, & Brijball, 2011; Norton-old et al., 2013) . This is due to formaldehyde being present in the solution (Balta, Cronin, et al., 2015) , though the quantity of formaldehyde present is considered to be low compared to that of formalin-based solution.
Formaldehyde causes a notable decrease in the range of motion post-embalming. This is due to the swelling of soft tissue in the joints and fixing effect on muscles and tendons (Balta, Cronin, et al., 2015; Entius, Rijn, Zwamborn, Kleinrensink, & Robben, 2004) . The change in the ratio (angle to the average ROM as described by the American Academy of Orthopaedic Surgeons) from pre-to post-embalming was significantly different between the embalming methods.
Formalin produced the largest change followed by Genelyn, with ICL-SP solution showing little change and Thiel leading to a modest increase. Using these measurements, we show that Genelyn embalmed cadavers are not statistically different to formalin embalmed cadavers. The ratio of pre-post embalming angle over the range of motion of all joints shows that both Thiel and ICL soft-preservation techniques are closer to zero than Genelyn and significantly different to that of formalin embalmed cadavers.
The most recently published embalming solutions claim to mimic the tissue of the living human body. This is very important considering the recent increase in the use of cadavers for clinical training and the fact that they are used as commercial products (Balta, Cronin, et al., 2015) . Medical doctors from different specialties are continually researching a high-fidelity training tool to train junior doctors in order to reduce clinical error (Balta, Cronin, et al., 2015) . With the lack of quantitative methods to assess the differences in the quality of tissue, it is nearly impossible to objectively compare different embalming solutions. For this reason, this study aimed to quantify the change in the dimension of internal organs and structures before and after embalming with different embalming techniques.
TA B L E 5
The average composite score for all of the organs and structures measured for the different embalming techniques 
F I G U R E 5
The Z-score difference (post-pre-embalming) of each structure from cadavers embalmed using the four techniques V e n t r ic le s A P V e n t r ic le s T R P o n s L e Ō L u n g R ig h t L u n g H . L e Ō V e n t r ic le H . R ig h t V e n t r ic le R ig h t K id n e y L iv e r S p le e n L e Ō K id n e y Chart showing difference of Z Score (Post-embalmed -Pre-embalmed) for organs/structures studied After measuring different structures before and after embalming on CT images, several values were excluded when calculating the composite score. The uterus and the prostate glands were excluded as not all cadavers had these structures. The short diameter of the ascending, descending and the abdominal aorta were excluded as the difference between pre-and post-embalming values were substantially higher than the others making it inaccurate to include in the overall z-score.
When looking at CT scans taken from cadavers before and after embalming, a general observation could be made. Embalming fluids circulate in the body through blood vessels and this affects tissues differently potentially due to the different chemicals within the solution. When chemicals are first injected, they will expand blood vessels and highly vascularized structures, primarily the heart and lungs and then other structures such as the liver. If the embalming solution contains fixing agents such as formaldehyde, this will lead to fixing the tissue in its enlarged state as seen in our study. Meanwhile, if the solutions do not have strong fixing agents the tissue will collapse as we observed with the other solutions.
It was observed that changes in dimension mainly occurred in the thoracic region (see Supporting information Table S2 ). This supports the concept that the dimension of highly vascularized structures is most affected by the embalming process. The overall composite score of Thiel embalmed cadavers decreased in size compared to other embalming techniques. This change was not statistically significant and therefore we cannot conclude that the effect of embalming on the dimensions of organs and vessels measured differed among the methods. This may be related to our small number size per embalming method.
This study suggests that using CT images to assess the influ- Moreover, inter-cadaveric variations could affect the embalming process and hence the quality of tissue.
| CON CLUS ION
Different embalming techniques are used for different purposes and it is important to initiate the process of assessing these techniques using quantitative methods for the benefit of education and research. This is the first comparative study that uses a systematic approach to assess different embalming solutions by comparing cadavers before and after embalming. Moreover, we were able to highlight the benefits of using the alcohol-based solution ICL softpreservation technique for the embalming of human cadavers.
Our findings confirm that joints of cadavers embalmed using ICL soft preservation solution faithfully mimics joints of unembalmed cadavers. This may support its use for cadaver-based surgical courses such as orthopaedic surgery and rheumatology.
In conclusion, there is no ideal embalming technique as many factors need to be taken into consideration such as period of preservation and antimicrobial abilities. Other factors include the elimination of any hazardous chemicals and their use in embalming procedures.
This project comes to support the effort of pushing embalming into a modern-day science with research at its heart.
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